The amount of unfrozen water in dormant peach (Prunus persica [L.] Batsch, cv Redhaven) flower buds, isolated primordia, and bud axes was determined during freezing using pulse nuclear magnetic resonance methods. Differential thermal analysis studies were conducted on whole buds and isolated primordia in the presence of ice nucleation. The results showed that some of the water in isolated primordia remained supercooled in the presence of ice nucleation. Although most tissue water froze (57.5%) following ice nucleation at -2.50C, a considerable amount of water was found to supercool. In the presence of ice nucleation, increased hydration of isolated primordia resulted in the elimination of the supercooling characteristic. The structural integrity of isolated primordia appeared to be essential for supercooling.
by deep supercooling (8, 9) . Since freezing of supercooled primordia is lethal, this characteristic is often considered a limitation to winter survival of peach buds (5) . Primordia remain supercooled in spite of ice being present in bud scales and axes (1, 9) . It has been suggested that a barrier exists for not only dehydration of primordia but also ice propagation from surrounding tissues into the primordia. Studies on structural characteristics and dye movement in buds have shown that continuous xylem vessels were absent in dormant flower buds of peach and other Prunus species. This lack of full xylem development in dormant buds may exclude ice from primordia. Development of xylem vessels in deacclimating buds resulted in the disappearance of the supercooling characteristic (1, 2) . Studies on peach buds by Quamme (9, 10) showed that dehydration of bud axes and vascular elements below the primordia occurred as a result of freezing in bud scales. This led to the suggestion that dry regions in bud axes, formed at the expense of freezing in bud scales, may prevent ice growth into primordia. However, very little is known about the freezing behavior of primordia in the event of ice nucleation.
The objective of this study was to characterize the freezing behavior of isolated primordia and specifically to determine if isolated primordia can supercool in the presence of ice. 
MATERIALS AND METHODS
Sections of dormant peach (Prunus persica [L.] Batsch, cv Redhaven) twigs were collected from the Horticultural Research Center at Wichita on January 7, 1988 . Samples were stored in closed polyethylene bags at -2°C until use. Studies were conducted on whole flower buds, isolated primordia, and bud axes.
Differential Thermal Analysis DTA2 studies on whole buds and isolated primordia were conducted using a cooling rate of 4°C/h. The DTA apparatus consisted of six thermoelectric modules, which were made from N and P elements of semiconductor, bismuth telluride (Melcor, Trenton, NJ). Each thermoelectric module was housed in a sample chamber and cooled in a bench top freezer (Tenney Engineering, Union, NJ). The cooling process and collection of data were accomplished by a microcomputer (Intel 8088 microprocessor) with a 12 bits analog/digital converter (Adalab, Interactive Microwave, State College, PA). Temperature data were collected on a slow integrating channel at 1 sample/second. Single buds and isolated primordia were placed on the ceramic surface of the thermoelectric modules at 0°C and cooled at 4°C/h to about -45°C. The primordia were nucleated with a small amount of ice at -2.5°C. Sample temperature was monitored by a 24 gauge copper-constantan thermocouple.
NMR Studies
The amount of unfrozen water in tissues was monitored by following the free induction decay signal of protons after 20 ,us of a 900 radio frequency pulse. The pulses were applied once every 10 s. Measurements were made using a NMR spectrometer (Bruker minispec, 20 MHz), which was equipped with a cooling system that relied on liquid nitrogen to control the sample temperature. The sample was cooled from 0 to -40°C in small decrements (2°C) and held at desired temperatures until steady free induction decay signals were obtained. To determine the signal contribution of solid protons from dry matter, the sample was dried in an oven at 80°C for at least 2 d and the signal was measured as described above. After subtracting the signal contribution from dry matter and Boltzmann temperature correction, the free in2Abbreviation: DTA, differential thermal analysis.
duction decay signals were used to compute the unfrozen water as described by Rajashekar and Burke (12) .
Freezing Studies
Unfrozen water in samples was determined during two freezing excursions in the NMR spectrometer referred to herein as freezing I and freezing II. In freezing I, the samples were nucleated with ice at -2.5°C and frozen slowly to -40C. Freezing II involved rewarming the frozen samples to -2.5°C without fully thawing them and then refreezing them to -40°C. The freezing studies in the case of isolated primordia were repeated three times.
Pretreatments
Unfrozen water in isolated primordia was measured following two pretreatments. First, structural integrity and organization of primordia were damaged by crushing isolated primordia with a spatula. Unfrozen water in these samples was then monitored during freezing I and II as described above. The purpose of the second pretreatment was to increase the hydration of primordia. Isolated primordia were vacuum infiltrated in distilled water for one hour and subsequently soaked in water for about 24 hours prior to measurement of unfrozen water.
Water Content
Total water content of whole buds, isolated primordia, and bud axes was determined gravimetrically by weighing before and after oven drying the samples at 80C for at least two days.
RESULTS AND DISCUSSION
Results of DTA on dormant peach flower buds and isolated primordia are presented in Table I . The dormant buds collected on January 7, 1988, showed two exotherms, with the low temperature exotherm occurring at -14.93C. The freezing of supercooled water in primordia is known to result in the low temperature exotherm, whereas the first exotherm corresponds to freezing in bud scales and axes (1, 9) . The occurrence of deep supercooling in dormant peach flower buds is well documented (1, 8, 9) . Also in the case of isolated primordia, two exotherms were observed; one initiated by the ice nucleation and the other occurring at -12.60°C. Since considerable amount of water froze in primordia following ice nucleation, low temperature exotherms were generally The results from the study on the changes in unfrozen water in peach buds are consistent with those from DTA studies (Fig. 1) . Changes in unfrozen water in buds showed two freezing events, one initiated by ice nucleation at -2.5°C and the other at -17.5°C. Both of these freezing events are characterized by a rather abrupt and sharp decrease in unfrozen water in dormant buds. The changes in unfrozen water during freezing observed are not typical of those expected for nonsupercooling tissues. Studies on nonsupercooling herbaceous tissues have shown that the unfrozen water varies inversely with temperature. The relationship can be described by LT = KT-', where LT is the unfrozen water at temperature T in°C and K is a constant for a given tissue (6, 11) . Thus, no sharp and distinct decrease in unfrozen water is expected during freezing of water in nonsupercooling tissues. Therefore, the sharp decrease observed in unfrozen water in whole buds at -17.5°C corresponds to the freezing of supercooled primordia.
The results show that approximately 65% of water froze before the freezing of supercooled water in primordia. This represents the freezing in bud scales and axes. The sharp decrease in unfrozen water between -17.5°and -22°C accounted for about 20% of water in the buds.
The results on the changes in unfrozen water in isolated primordia during freezing are summarized in Figure 2 . As in the case of whole peach buds, two distinct freezing events were observed during freezing I. Following ice nucleation of primordia at -2.5°C, freezing proceeded slowly and a relatively smaller fraction of total water froze than in buds. For example, at -10°C only 32% of tissue water in primordia froze, whereas in whole buds more than 52% of tissue water had been frozen at the same temperature. The sharp decrease in unfrozen water between -17 and -20C accounted for 28% of water in primordia. Little change in unfrozen water was observed below -20°C. The results indicate that some of TEMPERATURE 'C Figure 3 . Unfrozen water in crushed peach primordia during freezing. The samples were subjected to freezing I (0) and 11 (0) as described in Figure 2 .
the tissue water in primordia exhibits supercooling. This experiment was repeated three times with similar results. The mean freezing temperature of supercooled water in primordia was -17.4 + 0.5°C. The temperatures at which supercooled water froze in whole buds and primordia was lower in NMR experiments than those determined by DTA experiments. The difference in freezing of supercooled water was perhaps due to differences in the method and rate of cooling.
The supercooling characteristic of isolated primordia was stable in that holding primordia above -17.0°C for 4 h did not affect the freezing of supercooled water (data not presented).
Isolated primordia were cooled to -40°C during freezing I to ensure that the supercooled water in primordia was frozen. The samples were warmed to -2.5°C without allowing them to fully thaw. A large difference in unfrozen water of primordia during freezing I and freezing II was observed (Fig. 2) . More water froze during freezing II than during freezing I and TEMPERATURE C Figure 5 . Unfrozen water in isolated peach bud axes during freezing. The samples were subjected to freezing 1 (0) and 11 (0) as described in Figure 2 .
the difference in unfrozen water between the two diminished with decreasing temperature. Although supercooled water freezes at a temperature determined by its nucleation characteristic, it thaws at the melting point of the tissue water. This has been demonstrated in aqueous solutions and living cells (13, 14) . Therefore, in a supercooled system, the freezing and melting temperatures are not identical. Supercooled water may freeze at low subfreezing temperatures, but thawing occurs at the melting temperature of tissue sap, which is generally much higher than the freezing temperature (3, 4, 7 Many studies have suggested that one of the primary reasons for supercooling in primordia is the inability of ice to propagate from bud sales and axes into primordia (1, 9, 10) . Work on structural characteristics of peach buds have led to the conclusion that a lack of continuous vascular elements in dormant buds can impede ice growth into the primordia (1, 2) . Quamme (9, 10) suggested that migration of water from bud axes and vascular elements just below the primordia during initial freezing may cause dry regions in bud axes, which could prevent ice growth into the primordia. Ashworth (1) showed that isolated primordia can exhibit supercooling in the absence of ice nucleation. Similar results were noted by Quamme (10) , who found that the water content ofisolated primordia can influence the extent of supercooling. These results are also consistent with our observations on isolated primordia (data not presented). Thus, considering the fact that isolated peach primordia have the ability to supercool to a considerable degree in the absence of ice nucleation, it is reasonable to assume that a lack of ice growth into primordia from surrounding tissues can favor the supercooling characteristic. The results from the present study do not rule out such a possibility in dormant buds. However, the study shows that, even if no barrier existed and ice could propagate into primordia, some fraction ofprimordia water could still remain supercooled.
Determinations of unfrozen water during freezing I and II in crushed primordia are summarized in Figure 3 . The crushed primordia were nucleated with ice at -2.5°C, and the changes in unfrozen water during freezing I and II were roughly identical. Absence of differences in unfrozen water during freezing I and II indicates that crushed primordia did not show the supercooling characteristic. Similar observations were noted when peach primordia were pierced with a needle (1). Thus, it appears that structural organization and integrity of tissues are essential for the supercooling characteristic in primordia.
In addition, when isolated primordia were hydrated, no supercooling was observed in the presence of ice nucleation. The water content of primordia was increased more than threefold, and no differences in unfrozen water during freezing I and II were noted (Fig. 4) . Although it is not clear as to how the increased hydration ofprimordia can eliminate the supercooling characteristic, hydration is likely to facilitate ice propagation in dormant primordia, which contain densely packed cells (1) . These results are consistent with the observations on peach flower primordia by Quamme (10) , who showed that increased water content of primordia lowered the extent of supercooling.
Changes in unfrozen water in peach bud axes during freezing I and II are summarized in Figure 5 . The results indicate that bud axes do not have the supercooling characteristic and are consistent with those from the earlier studies (1, 9) .
In summary, the study shows that some of the tissue water in primordia has the ability to supercool despite the presence of ice in the tissue. The results suggest that primordia in dormant peach buds, even in the absence of a barrier to ice growth into primordia, have the ability to supercool. Structural integrity of primordia seems to be essential for supercooling. However, increased hydration of primordia resulted in elimination of this characteristic.
